1. Introduction
===============

Control of the massive bleeding that occurs during total knee arthroplasty (TKA) has always been a difficult problem for surgeons. The total amount of bleeding can reach 1000 to 2000 ml.^\[[@R1]\]^ The complications and economic burden associated with blood transfusions should not be ignored.^\[[@R2]\]^ Therefore, control of blood loss during TKA is very important. Reports suggest that tranexamic acid (TXA) has a strong effect on reducing blood loss by blocking the lysine binding sites of plasminogen.^\[[@R3]\]^

The common methods of TXA administration are intravenous drip and local administration.^\[[@R4]\]^ Although intravenous infusion of TXA can significantly reduce postoperative blood loss, the associated risk of deep vein thrombosis (DVT) and pulmonary embolism (PE) makes its use controversial.^\[[@R5],[@R6]\]^ Although some studies have proven the safety and effectiveness of topical application of TXA,^\[[@R7]--[@R9]\]^ the optimal route and method of administration of TXA is yet to be determined.^\[[@R10],[@R11]\]^ A large number of studies have shown that combined use of TXA is more effective in hemostasis than single use.^\[[@R12]--[@R14]\]^ Most of the combined applications involve an intravenous drip combined with intra-articular injection (IAI), or an intravenous drip combined with peri-articular injection (PAI).^\[[@R13],[@R15]\]^ There are no reports on the combined application of an intravenous drip, IAI, and PAI. Therefore, we designed a randomized controlled trial to compare the effects of different TXA administration methods on blood loss after TKA in order to find the best way to stop bleeding during TKA.

2. Materials and methods
========================

2.1. Ethical approval
---------------------

This study was conducted in accordance with the *Declaration of Helsinki* and was approved by the local Ethics Committee of the Zaozhuang Municipal Hospital in Shandong. Informed written consent was obtained from all patients or their guardians before their enrollment in this study. Registration number: 16-0920; Name of trial registry: study on the hemostatic effect of TXA after knee arthroplasty.

2.2. Study design
-----------------

From October 2016 to September 2018, 246 patients with knee osteoarthritis requiring unilateral TKA in Zaozhuang Municipal Hospital were included. The exclusion criteria were as follows:

1.  patients with hemorrhagic diseases,

2.  patients treated with anticoagulation or with a history of thrombosis,

3.  patients with malignant tumors, and

4.  patients who were reluctant to participate in the study.

Twenty-eight patients were excluded for the following reasons. Seven patients refused to participate, 15 patients had a history of thrombosis or anticoagulation therapy, 5 patients had cancer, and 1 patient had a hematological disease. Therefore, 218 patients were enrolled in the study. Eight patients were lost to follow-up and the data of 210 patients was included in the analysis (Fig. [1](#F1){ref-type="fig"}).
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2.3. Randomization and masking
------------------------------

Patients were randomly divided into 4 groups: group 1 (n = 55) received IAI of TXA and PAI of placebo, group 2 (n = 55) received IAI of placebo and PAI of TXA, group 3 (n = 51) received IAI of TXA and PAI of TXA, and group 4 (n = 57) received double placebo (IAI of placebo and PAI of placebo). Randomization sequence was created using Stata 9.0 (StataCorp, College Station, TX) statistical software and was stratified by center with a 1:1 allocation using random block sizes of 2, 4, and 6. All investigators, staff, and participants were kept masked to outcome measurements and trial results.

All patients had the same preoperative preparation and were operated on by the same team. LPS-FLEX prostheses (Zimmer Inc., Warsaw, IN) were used in all patients. Atourniquet (Zimmer ATS 2000; Zimmer, Warsaw, IN) was used in all patients and the pressures were set at 100 mmHg higher than the systolic pressure of the patients. All patients were injected intravenously with 20 mg/kg TXA (TXA Injection; Reyong Pharmaceutical Factory, Shandong, China)15 minutes before tourniquet compression.^\[[@R16]\]^ To stop bleeding, the tourniquet was loosened and electric coagulation was used after prosthesis installation. A peri-articular injection of TXA solution (1 g TXA, 20 ml saline) comprising 5 ml to the medial capsule, 5 ml to the lateral capsule, and10 ml to the soft tissue around quadriceps femoris.^\[[@R17]\]^ The TXA solution of 20 ml (TXA 1 g + 20 ml saline) was injected into the articular cavity after suture incision. All placebos involved injection of the same amount of saline at the same place.

After surgery, a drainage tube was routinely placed and clamped for 4 hours, and then removed 24 hours after surgery. Elastic bandages were wrapped around the lower limbs and removed 24 hours after surgery. Quadriceps femoris training was performed on the first day after surgery. All patients walked on the ground using walking aids on the third day after surgery. Considering the serious consequences of DVT and PE, all patients were injected with 1 ml of low molecular weight heparin calcium subcutaneously (Fraxiparine; GlaxoSmithKline, Brentford, UK) on the first day after surgery. After discharge, 10 mg of rivaroxaban (Xarelto; Bayer Schering Pharma AG, Leverkusen, Germany) was taken orally per day up to 5 weeks after the operation. Patients with lower extremity swelling underwent bilateral lower extremity venous ultrasonography to detect DVT.

2.4. Data collection
--------------------

The observed variables included:

1.  demographic variables such as age, sex, and body mass index (BMI);

2.  preoperative measurements such as Kellgren--Lawrence classification, visual analog scale (VAS), range of motion (ROM), hemoglobin (Hb) level, hematocrit (Hct) level, platelet count (PLT), prothrombin time (PT), and activated partial thromboplastin time (APTT);

3.  surgical measures such as operation time, intraoperative blood loss, blood transfusion volume, total blood loss (TBL), tourniquet time, intraoperative blood loss, and drainage volume;

4.  postoperative measures such as Hb and Hct levels on the first day after surgery and ROM and VAS on the second day after surgery; and

5.  complications such as delayed wound healing and incidence of DVT and PE.

At the 6-month follow-up, assessments included ROM, VAS, wound healing, and incidence of DVT and PE. The patient\'s total blood volume was calculated according to the following formula^\[[@R18]\]^: male blood volume (ml) = 366.9 × height (m)^3^ + 32.19 × weight (kg) + 604.1 OR female blood volume (ml) = 356.1×height (m)^3^ +33.08 × weight (kg) +183.3. The TBL was calculated according to the followingformula^\[[@R19]\]^: total blood loss/theoretical blood loss (ml) = total blood volume (ml) × (Hct 1 day before surgery--Hct 1 day after surgery). For patients receiving blood transfusion therapy, the TBL was calculated according to the following formula: TBL (ml) = theoretical blood loss (ml) + red blood cell transfusion (U). The unit of transfusion volume was U, which is the equivalent to 200 ml of whole blood. Hidden blood loss (HBL) (ml)= actual blood loss (ml) -- intraoperative blood loss (ml).

2.5. Statistical analysis
-------------------------

Data were analyzed using SPSS24.0 analysis software (IBM, Chicago, IL) and a Shapiro--Wilk test was used to evaluate the normal distribution of quantitative data. Indicators conforming to normal distribution were expressed in as mean ± standard deviation. A 1-way ANOVA was used for comparisons within groups, and least significant difference Statistics (LSD) was used for comparison between the two groups. Indicators that did not conform to normal distribution were described as median and quartile. A multiple independent sample rank sum test (Kruskal--Wallis H test) was used for comparison within groups. An independent sample rank sum test (Mann--Whitney *U* test) was used for comparison between the 2 groups. A Chi-square test or Fisher exact test was used for counting data. A *P* value \<.05 was considered statistically significant.

3. Results
==========

Preoperatively, there were no significant differences in age, sex, height, weight, BMI, Kellgren--Lawrence classification, or other measures (VAS, ROM, Hb, HCT, PLT, PT, and APTT) among the 4 groups (all *P* \> .05). Because of the high incidence of osteoarthritis in female patients, the male/female ratios in each group were 14/38, 16/37, 11/39, and 12/43, respectively; however, there was no significant difference in gender distribution among the groups (*P* = .709) (Table [1](#T1){ref-type="table"}). All operations were performed by the same surgical team. There were no significant differences in operation time, tourniquet time, or intraoperative blood loss (all *P* \> .05) (Table [2](#T2){ref-type="table"}).
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Preoperative demographics.
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Operative procedure.
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Patients who received IAI of TXA and PAI of TXA showed a better hemostatic effect compared to the other patients. On postoperative day 1, there were significant differences in Hb and HCT between the four groups (*P* \< .001). The mean values of Hb in patients who received IAI of TXA and PAI of placebo and those who received IAI of placebo and PAI of TXA were 109.04 g/L and 110.47 g/L, respectively, and these values were lower compared to those in patients who received IAI of TXA and PAI of TXA (119.70 g/l) (*P* ≤ .001), but higher compared to those in patients who received the double placebo (IAI of placebo and PAI of placebo) (97.82 g/L) (*P* ≤ .001). Significantly lower HCTs were observed in patients who received IAI of TXA and PAI of placebo and those who received IAI of placebo and PAI of TXA compared to those in patients who received IAI of TXA and PAI of TXA (*P* = .02); however, all of these HCTs were higher compared to patients who received double placebo (*P* \< .001). TBL and HBL were higher in patients who received IAI of TXA and PAI of placebo (470.81 ml and 246.31 ml, respectively) and those who received IAI of placebo and PAI of TXA (481.54 ml and 233.15 ml, respectively) compared to those in patients who received both IAI and PAI of TXA (359.18 ml and 164.07 ml, respectively) (all *P* ≤ .001), but lower compared to those in patients who received the double placebo (522.71 ml and 304.47 ml, respectively) (*P* ≤ .001 and *P* = .03, respectively). The hemostatic effects in patients who received IAI of TXA and PAI of placebo and those who received IAI of placebo and PAI of TXA were similar because there were no differences in Hb, Hct, TBL, or HBL (all *P* \> .05).

The indications for transfusion in this study were as follows: hemoglobin \<80 g/L, Hct ≤ 20%, or symptoms of severe anemia (such as dizziness and syncope). Although there were no significant differences in the other 3 groups, the transfusion requirements in those groups were significantly lower compared to patients who received the double placebo (*P* = .013). The drainage volumes in patients who received IAI of TXA and PAI of placebo and those who received IAI of placebo and PAI of TXA were significantly lower than the other 2 groups (*P* \< .001), but there were no other significant differences between groups (all *P* \> .05) (Table [3](#T3){ref-type="table"}).
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Hemostatic effect.
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On postoperative day 2, there were no significant differences in ROM and VAS in the treatment groups; however, the VAS scores were significantly higher (*P* = .011) and the ROMs were significantly lower (*P* = .001) in the patients who received the double placebo. Despite these findings, there were no significant differences in VAS (*P* = .983) or ROM (*P* = .855) in the 4 groups at the 6-month follow-up (Table [4](#T4){ref-type="table"}).

###### 

Pain and function.
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One case of asymptomatic DVT was detected by Doppler ultrasound examination 7 days after surgery in the group of patients who received IAI of TXA and PAI of placebo (*P* = .386). There were no cases of postoperative PE, DVT at the 6-month follow-up, or PE at the 6-month follow-up (Table [5](#T5){ref-type="table"}). The rates of wound-related complications were similar in all groups (*P* = .99). All wound-related complications were ultimately cured on follow-up (Table [6](#T6){ref-type="table"}).
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Thromboembolic events.
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Wound-related complications.
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4. Discussion
=============

Patients undergoing TKA experience massive bleeding. At present, TXA is the main drug used to reduce bleeding.^\[[@R20]\]^ TXA is a synthetic amino acid that competes with fibrinogen for lysine binding sites and inhibits fibrinolysis to achieve hemostasis.^\[[@R21]\]^ Because fibrinolytic activation is an enzyme cascade process, it can be inhibited quite easily in the early stage.^\[[@R22]\]^

There is no doubt about the hemostatic effect of TXA.^\[[@R23]\]^ In theory, TXA prevents fibrinolysis and supports ongoing coagulation without increasing thrombosis.^\[[@R22]\]^ Some studies and meta-analyses have suggested that TXA reduces blood loss without increasing the risk of DVT and PE.^\[[@R24]\]^ However, there are also opposing reports.^\[[@R25]\]^ Ravendran^\[[@R26]\]^ argued that the effect of TXA on thromboembolic events remains uncertain. Intravenous drip is the most commonly used method at present. Other drug delivery methods include intramuscular injection, oral administration, and intra-articular injection.^\[[@R27]\]^ Studies have shown that only a small portion of intravenous TXA solution reaches the target tissue.^\[[@R28]\]^ In view of the high coagulation state of the whole body and the serious consequences of thrombosis complications, local application is a better choice. Compared with intravenous drip, systemic TXA plasma concentration decreases by 70% after topical administration, and the hemostasis effect is similar.^\[[@R29]\]^ In terms of overall impact, if the effect is the same, local application is more advantageous than systemic application.^\[[@R30]\]^ A recent meta-analysis by Dai also found no difference in transfusion rates or TBL according to whether local application or intravenous infusion of TXA was used.^\[[@R31]\]^ However, in the above studies, the doses of topical application and intravenous drip were different in each study group.^\[[@R29]\]^ There is still no uniform standard recommendation for the minimum dose to achieve the best results.^\[[@R10],[@R11]\]^

Local applications currently include PAI and IAI. Most literature has shown that PAI of TXA is less risky than intravenous drip.^\[[@R32],[@R28]\]^ TXA has a half-life of about 3 hours in articular fluid and can effectively stop bleeding during the peak period of bleeding after surgery.^\[[@R33]\]^ However, many studies dispute this conclusion because the amount of intra-articular injection is 5 to 25 ml, which is not enough to immerse the anterior tissue of the knee joint in a supine position after surgery. In addition, in order to balance the force line of the lower limbs, a large amount of soft tissue release is sometimes required, which may lead to leakage of injected TXA solution.^\[[@R28],[@R34]\]^ We believe that although the injection dose may be low, the joint cavity is filled with blood and TXA due to the clamping of drainage tube, which can effectively stop bleeding.

In our study, the median Hct value (0.30) and the mean Hb value (109.04 g/L) in patients who received IAI of TXA + PAI of placebo on the first postoperative day were significantly higher than compared to patients who received the double placebo (IAI of placebo + PAI of placebo) (0.28, 97.82 g/L) (all *P* \< .001). The median TBL (470.81 ml) in patients who received IAI of TXA + PAI of placebo was significantly lower compared to patients who received the double placebo (522.71 ml) (*P* = .03).

A total of 21.8% of patients who received the double placebo required a blood transfusion, and this rate was significantly higher compared to patients who received IAI of TXA + PAI of placebo (5.8%) (*P* = .02). The median TBL (481.54 ml) in patients who received IAI of placebo + PAI of TXA was significantly lower compared to that in patients who received the double placebo (522.71 ml) (*P* = .04). We know that PAI involves injecting TXA solution into soft tissue and this creates a risk of bleeding around the joint before the incision is closed. Compared with intravenous drip, local injection can reduce systemic toxicity, directly affect injured tissues, last longer, have better hemorrhage control, and reduce complications related to the risk of thrombosis events during systemic application.^\[[@R35],[@R36],[@R16]\]^

At present, research on combined applications mainly includes PAI combined with intravenous drip, or IAI combined with intravenous drip. It has been reported that intravenous drip combined with IAI is more effective for hemostasis than each of these two in isolation, and there is no increased risk of thrombosis.^\[[@R12]--[@R14]\]^ Intravenous drip combined with PAI has the same effect.^\[[@R37]\]^ Some authors believe that intravenous drip combined with local medication and intravenous drip in isolation are equally as effective in reducing blood transfusion rates and TBL, but the combined regimen achieves good results for knee joint pain, knee joint swelling, hospitalization time, and short-term satisfaction after surgery.^\[[@R38]\]^ In our study, the median TBLs in patients who received IAI of TXA + PAI of placebo and patients who received IAI of placebo + PAI of TXA (470.81 ml and 481.54 ml, respectively) were significantly higher compared to patients who received IAI of TXA + PAI of TXA (359.18 ml) (*P* \< .001). However, there was no statistically significant difference in the number of patients needing blood transfusion in the 3 groups (*P* = .92).

TKA is usually associated with high HBL.^\[[@R39]\]^ HBL is caused by extravasation of blood from tissues, residual blood in joints, and hemolysis. It also includes hidden losses not assessed during and after surgery. HBL accounts for a large part of TBL and nearly two-thirds of TBL comes from HBL.^\[[@R40]\]^ Sehat confirmed that the average HBL after TKA accounted for 49% of the TBL.^\[[@R41]\]^ In this study, the median HBL/median TBL in the 4 groups was 246.31/470.81 (52%), 233.15/481.54 (48%), 164.07/359.18 (46%), and 304.47/522.71 (58%), respectively. Therefore, strategies aimed at reducing HBL are the key to reduction of bleeding. The application of a tourniquet can maintain a clear operative field of vision and reduce intraoperative blood loss; however, it cannot prevent postoperative blood loss.^\[[@R42]\]^ The causes of massive blood loss during TKA are not limited to bone incision and soft tissue injury. Tissue ischemia caused by the tourniquet and/or surgical trauma can cause up-regulation of plasmin activation, and this aggravates bleeding.^\[[@R43],[@R44]\]^ Local injection is effective for soft tissue hemorrhage, but not for intra-articular hemorrhage, such as hemorrhage from the bone after osteotomy. For hemorrhage of the medullary cavity, especially bleeding resulting from fibrinolytic enhancement caused by surgical trauma and/or the tourniquet, the hemostasis effect of PAI and IAI is minimal. It has been reported that inhibition of fibrinolysis at the beginning of surgery is more effective than during the peak of fibrinolysis.^\[[@R45]\]^ Therefore, in this study, preoperative intravenous infusion of TXA was used as a basic drug in all groups. Based on the low dose intravenous drip, and the combination of PAI and IAI, theoretically, this study could achieve a good hemostatic effect.

Regarding the dosage of TXA, the best dose for single use reported at present is 3 g for local use and 10 to 20 mg/kg for intravenous use.^\[[@R46]\]^ Regarding the timing of medication, studies have shown that in order to achieve maximum plasma concentration, an intravenous drip takes 5 to 15 minutes, and intramuscular and intra-articular injection takes about 30 minutes.^\[[@R47]\]^ Therefore, we intravenously infused TXA 15 minutes before applying tourniquet pressure and clamped the drainage tube for 4 hours after surgery so that we could obtain the highest concentration in the operative area. The placebo in the control group was saline, and according to the current medical view, this should not cause harm to patients. There was no significant difference in wound healing complications in the 4 groups (*P* = .04).

In theory, by creating a filling effect in the joint, clamping drainage can lead to temporary hemostasis, thus effectively reducing blood loss.^\[[@R48]\]^ However, the hemostatic effect is not directly proportional to the clamping time.^\[[@R49]\]^ Prolonged clamping time can increase the risk of infection and lead to intra-articular hematoma.^\[[@R50]\]^ Because most TKA blood loss occurs on the first day after surgery, the drainage volume in the first 8 hours after surgery accounts for 65% of the total drainage volume.^\[[@R51]\]^ Therefore, we chose to clip the drainage tube for 4 hours and pull out the drainage tube 24 hours after surgery. There were no cases of hematoma.

We found that the median drainage volume in patients who received IAI of TXA + PAI of placebo (60.00 ml) was significantly lower compared to patients who received IAI of placebo + PAI of TXA and those who received the double placebo (70.00 ml and 75.00 ml, respectively) (*P* \< .001). The median drainage volume in patients who received IAI of TXA + PAI of TXA (57.50 ml) was significantly lower compared to patients who received IAI of placebo + PAI of TXA and patients who received the double placebo (70.00 ml and 75.00 ml, respectively) (*P* \< .001).

About 0.1% to 2% of patients who undergo arthroplasty have symptomatic or asymptomatic thrombosis.^\[[@R52]\]^ Reports on whether the use of TXA increases the risk of thrombotic events are inconsistent.^\[[@R24]--[@R26]\]^ Considering the catastrophic consequences of thrombosis complications, we must pay special attention to the prevention of thrombosis. The treatment includes informing patients about adherence to a low-fat diet and rehabilitative exercises, administration of low molecular weight heparin after surgery, and administration of oral rivaroxaban after discharge and up to 5 weeks after surgery. Only one case of DVT occurred in a patient who received IAI of TXA + PAI of placebo and this occurred on the 7th postoperative day.

Our results showed that the dosage and method of TXA used in our study, combined with postoperative management, proved to be safe and efficient. Of course, we must state that interpretation of these results should be done with caution as we did not conduct thrombosis screening in every patient after surgery. In theory, asymptomatic thrombosis patients may have been neglected.

Early postoperative pain can seriously affect patient satisfaction. It is reported that the pain after TKA is severe in about 60% of patients and moderate in about 30% of patients. Many patients reject undergoing TKA for fear of the resulting pain.^\[[@R53]\]^ The VAS pain scores in patients who received IAI of TXA + PAI of placebo, those who received IAI of placebo + PAI of TXA, and those who received IAI of TXA + PAI of TXA on the second day after surgery were significantly lower compared to patients who received the double placebo (*P* = .011). Early HBL after surgery can obviously aggravate lower limb swelling.^\[[@R54]\]^ This may be related to the local application of TXA to reduce the postoperative swelling, and thus, relieve the pain caused by swelling. Related to the VAS pain score, the ROM was significantly lower on the second day after surgery in patients who received the double placebo (*P* = .001). Despite this, at the 6-month follow-up, there were no significant differences in VAS and ROM between the 4 groups (*P* = .983 and *P* = .855, respectively). Therefore, TXA can alleviate pain and improve the ROM in the early stages after surgery, but it has no obvious effect the ability to perform rehabilitation exercises in later stages.

There were several limitations to this study. First, the effect of anticoagulants on this trial was not considered. In view of the serious consequences of thrombosis complications, anticoagulant therapy was started on the first day after surgery for all patients. Second, some patients with hypotension after surgery fail to meet the transfusion standard, and they are given fluid replacement treatment. At this time, there may be inaccuracies in the calculation of blood loss. Third, the sample may have significant selection bias. In our study, other diseases with large amount of bleeding after operation were excluded, such as rheumatoid arthritis, synovial chondromatous arthritis and so on. Because these diseases may involve extensive synovectomy and increase the amount of bleeding, further studies on the control of hemorrhage in these diseases are required. Because of the mechanisms behind this morbidity, the proportion of men and women is obviously different, and the influence of drugs on sex was not taken into account. However, there were no significant sex differences among the groups.

In conclusion, we have shown that IAI of TXA and PAI of TXA have the same hemostatic effect. Compared with their use in isolation, the combined use of IAI of TXA and PAI of TXA can significantly reduce the TBL and blood transfusion requirements without delaying wound healing or increasing the risk of DVT and PE. In the short-term after surgery, this method can reduce the VAS pain scores and improve the ROM; however, it has no effect on long-term VAS pain scores and ROM.
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